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Introduction {#sec1}
============

Adenosine-to-inosine (A-to-I) editing is a prevalent form of post-transcriptional modification ([@bib4], [@bib50]), catalyzed by the adenosine deaminase acting on RNA (ADAR) enzymes ([@bib3], [@bib41], [@bib56]). Because inosine is interpreted by most cellular machineries as a guanosine (G), there are several possible outcomes to this deamination ([@bib63]). Hence, editing can alter splice consensus elements, microRNA seeds, and binding sites, as well as protein coding sequences ([@bib7], [@bib17], [@bib23], [@bib54]). The reaction is catalyzed in humans by the ADAR1 (ADAR) and ADAR2 (ADARB1) enzymes. ADAR2 is confined to the nucleus, whereas ADAR1 has two isoforms---the p110 isoform that is localized in the nucleus and the p150 interferon (IFN)-inducible isoform that shuttles between the nucleus and the cytoplasm ([@bib15], [@bib19]).

A-to-I RNA editing is a constitutive and finely tuned process that is involved with several systems in the body and requires a delicate balance of activity. On the one hand, insufficient editing has detrimental and even lethal effects, partly due to the accumulation of endogenous double-stranded RNAs (dsRNAs), which triggers an innate immune response ([@bib34], [@bib38], [@bib45]). ADAR1 editing deficiency is involved in autoimmune disorders such as Aicardi-Goutières syndrome (AGS) and dyschromatosis symmetrica hereditaria (DSH) ([@bib37], [@bib52]). Both show some phenotypic similarities to systemic lupus erythematosus (SLE), and AGS patients, like SLE patients, are characterized by elevated type I IFN production ([@bib11], [@bib32], [@bib52]).

On the other hand, excessive ADAR activity may be harmful. Studies show that elevated levels of ADAR1 usually correlate with higher editing activity, manifested both as higher rates of editing and as editing of non-typical editing sites ([@bib22], [@bib43]). Elevated levels of editing have been shown to have significant effects on the transcriptomic diversity of cancers and, in several cases, even correlate with patient survival ([@bib22], [@bib43]).

The other type of RNA editing in humans is the deamination of cytidine to uridine (C-to-U) by several members of the APOBEC protein family of cytidine deaminases, mainly APOBEC1 and APOBEC3A ([@bib59], [@bib62]). Similar to ADAR1, APOBEC3 paralogs are upregulated by IFN ([@bib44]). Overexpression of APOBEC3A was shown to affect thousands of sites that have the potential to recode more than a thousand proteins ([@bib60]).

SLE is a multisystemic heterogenic autoimmune disease. It is characterized by autoantibodies to a variety of autoantigens derived from various tissues, as well as antinuclear antibodies ([@bib36], [@bib65]). The causes and pathogenesis of the disease are not fully understood. SLE patients usually have elevated levels of circulating type I IFN and increased expression of both type I and type II IFN-stimulated genes (ISGs) ([@bib10], [@bib11], [@bib21]). Thus, inhibitors of IFN and downstream ISGs are attractive and promising therapeutic targets for treatment ([@bib18], [@bib21], [@bib29], [@bib40]). Moreover, high artificially induced levels of IFN can cause SLE-like symptoms ([@bib24], [@bib40]). Altered levels of ISGs and RNA modifications have been marked as potential contributors to SLE pathogenesis in several previous studies ([@bib20], [@bib25]). This includes increased rates of alternative splicing ([@bib39]) and indications of aberrant RNA editing in a few genes, as well as elevated expression of ADAR1 in lymphocytes ([@bib30], [@bib31], [@bib42]). However, these early studies focused only on small subset of editing targets.

Here, by analyzing wide-scale, high-throughput sequencing data ([@bib26]), we show that SLE patients have elevated global RNA-editing levels. In addition, we use computational predictions to demonstrate that this excessive editing can potentially generate autoantigens, which may then be presented on major histocompatibility complex (MHC) molecules and induce an immune response. Editing in coding regions, which alters the amino acid sequence (recoding), may prove immunogenic. Because proteasomal degradation is presumably unaffected by RNA editing, an edited form of a protein could be degraded and eventually be presented by the MHC system. We previously showed that medullary thymic epithelial cells (mTECs), which mediate the presentation of self-epitopes in the thymus, routinely express many edited forms of proteins and thereby forestall the induction of a dangerous immune response against edited peptide-derived autoantigens ([@bib12]). However, possibly due to incomplete presentation and/or confinement of the process to selected edited versions, not all edited forms are presented by the mTECs. As a consequence, T cells specific for edited epitopes may escape negative selection and react to cells that present an editing-derived neo-autoantigen ([@bib12]). Although the main activity of editing is to inhibit the innate immune response to endogenous dsRNA ([@bib35], [@bib38], [@bib45]), our results suggest that RNA editing can trigger an immune response directed against editing-originated neo-autoantigens, exacerbating autoimmunity. We therefore suggest it is involved in the etiology and pathogenesis of SLE and possibly other autoimmune diseases.

Results {#sec2}
=======

Enhanced A-to-I Editing in SLE Patients {#sec2.1}
---------------------------------------

Many studies of editing in various diseases concentrated on previously detected editing sites. Here, we used RNA sequencing (RNA-seq) data to evaluate changes in global levels of editing, without prior knowledge of specific sites. To compare the RNA-editing levels in SLE patients with those in healthy individuals, we first used two complementary approaches to estimate the global editing rate using RNA-seq samples from [@bib26] (99 from SLE patients and 18 from healthy individuals) ([Table S1](#mmc2){ref-type="supplementary-material"}): the *Alu* editing index (AEI), which measures the global rate of editing in *Alu* repeats ([@bib5]), and the global rates of clustered editing sites in each sample, according to the normalized number of hyper-edited (HE) sites (see [Experimental Procedures](#sec4){ref-type="sec"}) ([@bib48]). Both types of analysis revealed that global editing was significantly elevated in the blood of SLE patients compared to that of controls (Wilcoxon p value = 4.96e−6 and 8.27e−7 for AEI and HE analyses, respectively). Because higher editing levels may be associated with higher levels of ISGs, we grouped the patients according to the original dataset of interferon signature metric (ISM) division, which measures the presence of the IFN-inducible genes' expression signature. As expected, ISM-high SLE patients had significantly higher editing levels than controls (Wilcoxon p value = 4.16e−7 and 2.48e−8 for AEI and HE analyses, respectively) ([Figures 1](#fig1){ref-type="fig"}A and 1B) and significantly higher editing levels than ISM-low patients (Wilcoxon p value = 1.87e−2 and 1.77e−5 for AEI and HE analyses, respectively) ([Figures 1](#fig1){ref-type="fig"}A and 1B). However, even ISM-low patients had significantly higher editing levels than controls (Wilcoxon p value = 3.28e−2 and 3.93e−2 for AEI and HE analyses, respectively) ([Figures 1](#fig1){ref-type="fig"}A and 1B). Overall, the editing signal was clean. A-to-G mismatches comprised most mismatches (82.79%), and the ADAR deamination motif (5′ neighbor preference A = U \> C \> G) ([@bib16], [@bib53]) was observable ([Figures 1](#fig1){ref-type="fig"}C and 1D), indicating that most of the A-to-G substitutions detected in the HE analysis resulted from ADAR editing. Similar results were obtained from another, but smaller, independent dataset from [@bib49] ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1A-to-I Editing Is Significantly Increased in SLE PatientsCompared cohorts are healthy controls, SLE patients with low levels of ISG (ISM-low, which corresponds to a more quiescent disease), and SLE patients with high levels of ISG (ISM-high), depicted in blue, yellow, and red, respectively. The comparisons were evaluated using the Wilcoxon test.(A and B) Global levels of editing were assessed by determining (A) the editing in Alu elements (AEI) and (B) the number of hyper-edited (HE) sites (normalized by the number of mapped reads) per sample.(C and D) Cleanness of the HE signal was assessed by (C) the number A-to-G mismatches compared to all types of mismatches and (D) the neighboring nucleotides frequencies at the sites detected by the HE analysis (which matched the ADAR deamination motif).(E) Editing levels were assessed using the rates at pre-known sites. The means of the editing rates of ISM-high patients were plotted against controls per site. Sites with significant changes (FDR \< 0.1) are depicted in red.(F and G) Expression levels of (F) ADAR1 and (G) ADAR2 suggest that ADAR1 is responsible for the alterations in editing levels.

As a complement approach, we investigated the level of RNA editing at known sites that have been identified and characterized by previous studies (see [Experimental Procedures](#sec4){ref-type="sec"}). Among the sites at which editing levels were found to differ significantly between the controls and the ISM-high patients, most had increased editing levels. This was also the general trend in sites without significant changes ([Figure 1](#fig1){ref-type="fig"}E). These results further support the observation that RNA editing is elevated in the blood of ISM-high patients.

To determine whether ADAR1, which is itself an ISG, is responsible for the increased editing levels, we examined its expression levels. As expected, its expression was significantly higher in ISM-high patients compared to controls (2.24-fold change, Wilcoxon p value = 3.77e−6) ([Figure 1](#fig1){ref-type="fig"}F). However, in contrast to the results of the global RNA-editing levels, no significant differences were observable between ISM-low patients and controls (Wilcoxon p value = 0.54). This may indicate that ADAR1 expression is regulated directly by IFN, while RNA-editing levels remain relatively high in these patients even without IFN induction. In contrast, the expression of ADAR2 was lower in ISM-high patients compared to controls (0.75-fold change, Wilcoxon p value = 0.035) ([Figure 1](#fig1){ref-type="fig"}G). Altogether, our results show significantly elevated ADAR1 expression and editing activity in ISM-high patients.

Enhanced C-to-U Editing in SLE Patients {#sec2.2}
---------------------------------------

Proteins from the additional deaminase family, the APOBEC, were also significantly upregulated in ISM-high patients compared to controls ([Figure 2](#fig2){ref-type="fig"}A; [Table S2](#mmc1){ref-type="supplementary-material"}). This may lead to the accumulation of C-to-U mismatches, which can serve as a potential source for neo-autoantigens. A dataset of putative C-to-U editing sites in monocytes and macrophages has been published ([@bib59]). Of the sites, 252 were detected in the examined dataset (96.5% of the expressed sites), and most of them (75%) were edited in more than 20% of the samples. Out of these, 26 had significantly elevated editing rates in ISM-high patients (false discovery rate \[FDR\] \< 0.1), and a similar global trend was observable ([Figure 2](#fig2){ref-type="fig"}B). Because the editing probably occurs only in specific cell types (e.g., monocytes and macrophages), very low editing rates were observed in the total cell population (90% of the sites had a mean rate of 0%--2%). To further assess the C-to-U editing levels in SLE patients and healthy individuals, we measured the global rates of HE C-to-U clusters in each sample (see [Experimental Procedures](#sec4){ref-type="sec"}). As was the case for the A-to-I editing, ISM-high patients had significantly more clustered C-to-U sites per sample (Wilcoxon p value = 4.87e−3) ([Figure 2](#fig2){ref-type="fig"}C), and their numbers correlated well with APOBEC3A levels (r = 0.70) ([Figure 2](#fig2){ref-type="fig"}D) indicating that this is the main deaminase driving this elevation.Figure 2Elevated C-to-U Editing in SLE PatientsISM-high patients, ISM-low patients, and controls are depicted in red, yellow, and blue, respectively. The paired comparisons were evaluated using the Wilcoxon test.(A) Expression levels of APOBEC3A in ISM-high patients, ISM-low patients, and controls.(B and C) Elevated C-to-U editing in SLE patients was assessed by (B) the mean C-to-U mismatch rates per site at pre-known sites of ISM-high patients, plotted against the controls (sites with significant changes \[FDR \< 0.1\] are depicted in red) and (C) the number of HE C-to-U sites (normalized by the number of mapped reads) per sample.(D) Correlation between APOBEC3A expression levels and normalized number of HE C-to-U sites.

Elevated Levels of Recoding Events in SLE Patients {#sec2.3}
--------------------------------------------------

Only a small portion of A-to-I RNA editing results in the recoding of proteins. To identify recoding sites associated with SLE, we systematically searched for differentially edited sites with a non-synonymous outcome. Because the current approaches for *de novo* detection of recoding sites without a matched DNA sequences from the same individual perform poorly, we limited the analyses to high-credibility sites found within the HE regions or to the previously verified ones.

We first examined putative recoding sites detected by the HE analysis, in which the potentially editable adenosine is found on the transcribed strand. Excluding known SNPs and sites within highly polymorphic genomic regions, we identified 624 putative recoding sites. As expected, most of these sites (95%) were edited in SLE samples, and their prevalence was higher than in controls (an average of 1.100 sites per million mapped reads in SLE patients versus 0.967 in controls, Wilcoxon p value = 0.018) ([Figure 3](#fig3){ref-type="fig"}A). The obtained signal was noisy ([Figure S2](#mmc1){ref-type="supplementary-material"}A), indicating that a portion of these sites are not *bona fide* ADAR targets. Nevertheless, the neighbor preferences obtained fairly agree with the ADAR motif ([Figure S2](#mmc1){ref-type="supplementary-material"}B), supporting the contribution of genuine editing by ADAR. Many of these sites were stochastically edited (545 of 624 sites were edited in fewer than five samples). We therefore compared the relative number of samples that expressed the edited version of the transcript between the groups. Two such sites, in the genes *IFITM1* and *ODF3B*, were found to be edited in a higher percentage of ISM-high samples compared to controls (Fisher's exact test, FDR \< 0.05), probably because of elevated expression levels in SLE patients (FDR \< 1e−5). This elevated expression results in increased detectability by our analysis (and presumably in higher numbers of the recoded versions of peptide), which should also reflect higher visibility of them to the immune system. Several edited sites were found within the *SRSF4* and *VIM* genes, which are known targets for autoantibodies of SLE ([@bib61]).Figure 3A-to-I Editing in Non-synonymous Sites Is Significantly Elevated, Resulting in the Potential Generation of EpitopesISM-high patients, ISM-low patients, and controls are depicted in red, yellow, and blue, respectively. The paired comparisons were evaluated using the Wilcoxon test.(A) Normalized number of recoding sites within HE regions (normalized by the number of mapped reads) per sample.(B and C) Editing levels of (B) SH3BP2 (at chr4:2,835,556) and (C) ARL6IP4 (SRp25, at chr12:123,466,262).(D) Normalized number of sites per sample creating edited peptides that have superior HLA affinity over the non-edited forms.

We also examined the editing rates at recoding sites identified in other studies (see [Experimental Procedures](#sec4){ref-type="sec"}). Two sites were found to have higher editing levels in ISM-high patients (Wilcoxon, FDR \< 0.05) ([Figures 3](#fig3){ref-type="fig"}B and 3C), with no significant expression difference in SLE patients and controls in the genes SH3BP2 and ARL6IP4 (at chr4:2,835,556 and chr12:123,466,262, respectively).

These results support the hypothesis that the high global editing levels in SLE patients can give rise to a variety and higher levels of the edited versions of proteins.

RNA Editing Results in Potential MHC Class I Epitopes {#sec2.4}
-----------------------------------------------------

To investigate any putative immunogenicity caused by elevated editing in the patients, we evaluated the potential of MHC class I epitopes to be derived from peptides originating from edited transcripts, using histocompatibility leukocyte antigen (HLA) allele predictions for each sample ([@bib64]). We measured the editing rates of recoding editing events that generate peptides with a predicted high affinity for MHC class I molecules (see [Experimental Procedures](#sec4){ref-type="sec"}). SLE patients had significantly higher rates at such sites than controls (Wilcoxon p value = 1.59e−14 and 3.56e−5 for ISM-high and ISM-low patients, respectively), and ISM-high patients had higher rates than ISM-low patients (Wilcoxon p value = 1.65e−3). We focused on a subset of these sites for which editing enhances the binding affinity of the peptides (see [Experimental Procedures](#sec4){ref-type="sec"}). ISM-high patients had significantly higher rates at these sites than controls (Wilcoxon p value = 9.13e−7) ([Figure 3](#fig3){ref-type="fig"}D) and ISM-low patients (Wilcoxon p value = 1.86e−3). It is evident that these patients have higher editing rates, even at a fraction of the recoding sites, whose resulting proteins have higher affinities for the HLA alleles.

We also assessed the number of possible epitopes from each peptide, both before and after editing (see [Experimental Procedures](#sec4){ref-type="sec"}), which was mostly not statistically different, suggesting that the edited forms of the peptides have the same potential to be derived to epitopes as the non-edited forms.

Discussion {#sec3}
==========

The results of this study suggest the possibility of a connection between autoimmunity and excessive RNA editing. We surmise that the latter may facilitate the generation of autoantigens in peripheral tissues. Because these autoantigens might not necessarily be expressed in the thymus, reactive T cells may escape the negative selection and recognize these recoded proteins as non-self. The elevated global editing activity in SLE patients, one of the manifestations of the inflammatory condition, results in increased variety and higher levels of edited forms of proteins. Similarly, conditions that lead to editing alterations can result in new recoding events ([@bib13]). These have the potential to be processed into autoepitopes that may then be subsequently presented on the MHC molecules, thus stimulating an autoimmune response ([Figure 4](#fig4){ref-type="fig"}). Our results therefore enrich knowledge about the recently discovered role of ADAR1 and RNA editing in regulating the innate immune system and support the connection between imbalance of RNA editing and immune dysfunction.Figure 4Pro-inflammatory Editing Feedback(A) As part of an inflammatory response, interferons are released into the intercellular environment.(B) Uptake of the interferons triggers a response via the JAK-STAT signaling pathway. Among the many genes affected, the ADAR1 p150 isoform is produced.(C) This upregulation of ADAR1 leads to higher editing levels, due both to the increasing rates at normally edited sites and to the editing of sites that are not edited under normal conditions (left, non-inflamed cell; right, inflamed cell).(D) Elevated editing levels lead to increased numbers and a variety of recoded proteins.(E) Some recoded proteins might be degraded into peptides that will eventually become epitopes, resulting in presentation of recoded epitopes that are usually not found on cell surfaces.(F) These edited epitopes might trigger an immune response (thus becoming neo-autoantigens), contributing to the inflammatory state and potentially initiating a positive feedback loop.

We hypothesize that the elevated editing may be involved in positive feedback, aggravating autoimmunity ([Figure 4](#fig4){ref-type="fig"}). Inflammatory cytokines produced by an immune response triggered by elevated editing levels may maintain or even further increase the editing levels by stimulating the IFN-induced deaminases, resulting in the production of still more, potentially immunogenic, editing-recoded peptides. In addition, the edited epitope not only may prove immunogenic but also may initiate a process of epitope spreading ([@bib33], [@bib58], [@bib66]). Moreover, SLE has several characteristics that may promote the immunogenicity of RNA editing, such as the upregulation of epitope presentation pathway by IFNs and the accumulation of dead cell debris ([@bib6], [@bib36], [@bib55], [@bib57]).

Although the results presented here are promising and demonstrate the potential of editing to create neo-autoantigens, there are several limitations to this type of research, leading to incomplete detection of the editing-derived proteome and assessment of its immunogenicity. First, from an analytical perspective, while the HE analysis enables the discovery of recoding editing sites, the HE reads comprise only a minority (∼1%) of the total reads, and presumably a small fraction of the total editing. Moreover, the recoding sites detected here have a relatively low signal-to-noise ratio, so the credibility of each site is not high enough, even though most of them are genuine and altogether the sites are credible. Second, from a biological perspective, several limitations arise. The RNA was extracted mainly from living cells; thus, it is possible that editing sites generating particularly immunogenic peptides may be underrepresented in the data because of their elimination by a fiercer immune reaction against such cells. Another potential drawback is introduced by the RNA-seq data used for the analysis being derived from whole blood, which contains heterogeneous cell types, which may dampen the signal and add noise. Thus, it is probable that the number of recoding sites detected here is an underestimation of the actual number of recoding editing sites in SLE patients.

In summary, we have shown significantly elevated RNA editing in SLE patients and revealed its potential to give rise to neo-autoantigens, implying a role for RNA editing in the etiology and progress of SLE. These findings provide another link between RNA editing and autoimmune diseases.

Experimental Procedures {#sec4}
=======================

The [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"} includes more details of the applied analyses.

Datasets {#sec4.1}
--------

A whole-blood (Paxgene) RNA-seq dataset of 18 healthy individuals and 99 active SLE patients (GEO: [GSE72509](ncbi-geo:GSE72509){#intref0015}) from [@bib26] and a smaller dataset of 12 SLE patients and 4 controls (GEO: [GSE80183](ncbi-geo:GSE80183){#intref0020}) from [@bib49] were downloaded. Details are provided in [Table S1](#mmc2){ref-type="supplementary-material"}.

The reads were aligned to the human genome (hg19) using STAR 2.4.2 ([@bib14]).

HE {#sec4.2}
--

We used a recently described pipeline ([@bib48]) that enables the measurement of editing of heavily edited reads, which standard schemes fail to align correctly ([@bib8])

AEI {#sec4.3}
---

To measure the editing in *Alu* elements, we used a previously described method ([@bib5]). Due to the magnitude of the effect and the specific occurrence of editing in *Alu* elements (such as editing in clusters), this measurement results in a clean signal with a minimal false-positive rate ([@bib4]).

Known Sites {#sec4.4}
-----------

RNA editing levels for a list of pre-known editing sites were calculated using REDIToolKnown, which is part of the REDItools package ([@bib46]). The list of editing sites was compiled from previous studies ([@bib28], [@bib47], [@bib51]).

Expression Analysis {#sec4.5}
-------------------

The DESeq package ([@bib2]) in R was used for analyzing differential gene expression in all control and SLE patient samples.

Statistical Analysis {#sec4.6}
--------------------

The statistical analysis was done using R (R Project for Statistical Computing, <http://www.r-project.org/>). Unless otherwise specified, the statistically significant difference (5% confidence level) among two groups was tested using the Wilcoxon rank test. The tests were performed using the default parameters and in a two-sided manner. Where appropriate, p values were corrected for multiple testing.

Recoding Editing Sites Analyses {#sec4.7}
-------------------------------

To provide the peptide sequence for the analyses and find recoding, HE and pre-known sites filtered for SNPs and HLA genes were annotated using wANNOVAR ([@bib9], [@bib67]). HLA alleles for each sample were derived using OptiType ([@bib64]). For each sample, recoding sites (detected by the HE analysis) inside peptides that have at least one window (see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}) with strong affinity to the sample-predicted HLA alleles were selected according to the NetMHCPan4.0 ([@bib27]) predictions. A recoding event was considered to have an affinity-enhancing effect if the edited version of the peptide, for all windows on average, had a higher affinity (of at least 10%). The number of epitopes per peptide chain was calculated as previously described in [@bib1].

Supplemental Information {#app2}
========================

Document S1. Supplemental Experimental Procedures, Figures S1--S2, and Table S2Table S1. List of Samples, Related to Experimental ProceduresDocument S2. Article plus Supplemental Information
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